The taxonomic position of nitrogen-fixing strains that were isolated from rhizosphere macerates of rice cultivated in the Binh Thanh region of Vietnam was determined by using polyphasic taxonomy. We determined the phylogenetic relationships of these organisms by performing DNA-rRNA hybridization experiments with a labeled rRNA probe from the type strain of Burkholderia cepacia, and we found that they belong to a single rRNA complex. Other members of this rRNA complex were also studied, and the N,-fixing strains were found to be closely related to B. cepacia. In addition, all members of the rRNA complex containing B. cepacia were studied by performing auxanographic and DNA-DNA hybridization experiments. Phenotypically and genotypically, the N,-fixing isolates constitute a single cluster together with two strains of clinical origin. These organisms constitute a new Burkholderia species, for which the name Burkholderia vietnamiensis is proposed; the type strain of this species is TVV75 (= LMG 10929). All members of this species can fix nitrogen. On the basis of our polyphasic taxonomy results and previously published data we concluded that the genus Burkholderia should be restricted to the following species: B. cepacia (the type species), Burkholderia mallei, Burkholderia pseudomallei, B. vietnamiensis, Burkholderia gladioli, Burkholderia caryophylli, Burkholderia plantarii, Burkholderia glumue, Burkholderia vandii, BurkhoMeria cocovenenans comb. nov., and Burkholderia andropogonis comb. nov.
On the basis of the results of extensive phenotypic studies and DNA-rRNA and DNA-DNA hybridization experiments performed by Palleroni, Stanier, and their collaborators, the genus Pseudomonas was divided into five groups (24, 43, 46, 56). Additional phylogenetic data have shown that these groups are only very remotely related and that each of them contains species belonging to other genera (21-23, 70, 71). In addition to the former pseudomonads that have been shown to belong to the genus Xanthomonas and to a smaller group related to Pseudomonas diminuta and Pseudomonas vesicularis (21-23,43) classified in the recently described genus Brevundirnonas (52), three large groups of pseudomonads can be considered. Pseudomonas rRNA group I (43) is part of rRNA superfamily I1 (18) or the gamma subclass of the Proteobacteria (S), where it constitutes a separate rRNA complex (18, 21, 22, 68) ; this group represents the authentic pseudomonads which are grouped with Pseudomonas aeruginosa, the type species (43). Although the internal relationships within this group have not been determined yet, it is evident that the genus Pseudomonas must be limited to this group and that all other Pseudomonas species have been generically misnamed as determined by phylogenetic data. Below the genus names of misnamed taxa are enclosed in brackets.
[Pseudomonas] rRNA group I11 (43) is part of the acidovorans rRNA complex in rRNA superfamily I11 or the beta subclass of the Proteobacteria. A detailed polyphasic approach has revealed the finer relationships within the acidovorans rRNA complex, and workers have created a new bacterial family, the Comamonadaceae (67), which contains in addition to the genus Comamonas several newly described genera, including the genera Hydrognophga, Acidovorax, Variovora, and Xylophilus.
[Pseudomonas] rRNA group I1 (43) is also part of rRNA superfamily 111, where it constitutes a separate cluster that is only remotely related to the Comamonadaceae (18) [8] , [Pseudomonas] syzygii [50] , and [Pseudomonas] cocovenenans [74] ) have also been described as members of the so-called solanacearum rRNA group (68 
[Pseudomonas] rubrisubalbicans has also been described as a member of this rRNA group (23), but recently this placement has been refuted since this species constitutes a separate rRNA cluster that splits off at a Tm(e) value of 73°C from the solanacearum rRNA branch (18, 25) . The broad range of guanine-plus-cytosine (G+C) contents, the relatively broad range of T,<,, values, and the variations in phenotypic characteristics (3) among the species suggest that there is a certain amount of heterogeneity within the solanacearum rRNA complex. An analysis of the sequences of the 16s rRNA genes of representative strains of seven species by Li et al. (38) revealed that there are two lineages that correspond to one genus or possibly two related genera. Yabuuchi Recently, Tran Van (62) isolated several N,-fixing bacterial strains that are associated with roots of rice growing in rice fields in Vietnam. These strains have been further characterized, and it has been shown that they are phenotypically very similar to B. cepacia. The aims of this study were to further determine the internal structure of the solanacearum rRNA complex and to determine the relationship between the N,-fixing isolates and this group (particularly B. cepacia). In this study we used a polyphasic approach which included DNArRNA hybridization, DNA-DNA hybridization, and auxanographic analysis of as many strains of each species as possible. Our results clearly demonstrated that B. cepacia, B. gladioli, B. plantani, B. glumae, [P.] cocovenenans, and the N,-fixing isolates constitute a separate rRNA branch within the rRNA complex. Genotypically, the N,-fixing isolates are closely related to B. cepacia. We propose that the genus Burkholderia should be restricted to the members of this rRNA branch plus B. caryophylli, B. mallei, B. pseudomallei, B. vandii, and Burkholderia andropogonis comb. nov. and that a new species, Burkholdena vietnamiensis, should be created for the N,-fixing taxon. pickettii, and the finer relationships of these two branches have to be determined. These organisms represent at least one separate genus. Below we use the new nomenclature described above.
MATERIALS AND METHODS
Bacterial strains. The strains that we used are listed in Table 1. Most of these  strains are culture collection strains; the exceptions are the TVV strains (TVV69,  W 7 0 , TVV71, TW72, W 7 4 , TVV75T, TW115, W 1 1 6 , TVV127,  TVV128, TW131, and TVV135) , which were isolated from rhizosphere macerates (roots plus adhering soil) of rice (Oryzu sutiva cv. Huyet Rbng) that was cultivated on a soil in the Binh Thanh region of Vietnam, which is 10 km northeast of H6 Chi Minh City (62) . This soil is an acid sulfate soil (Thionic Fluvisol according to the Food and Agriculture Organization classification) with a silty clay loam texture. N,-fixing bacteria were enumerated and isolated by using the procedure described previously by Omar et al. (42) . Azospirillum lipofemm 4B ( 5 ) was used as a positive control for nitrogen fixation.
All agar; pH 7.4). The bacteriological purity of each strain was verified by plating and by microscopic examination of living and Gram-stained cells. When two or more colony types (colony types tl, t2, and t3) were found, they were compared by protein sodium dodecyl sulfate-polyacrylamide gel electrophoresis (47) in order to determine whether they were colony morphology variants. If two colony types produced almost identical protein patterns, only one type was included in this study. All strains were grown at 28°C.
Biochemical tests. The following conventional tests were performed with the TVV strains: tests for pigment production on nutrient agar and King B medium (359, growth at temperatures between 20 and 41°C on nutrient agar, growth on PCAT medium (12) , oxidase activity (49) , and onion pathogenicity (26) . The API 20NE microtube system method (bioMkrieux, La Balme-les-Grottes, France) was used as a standardized method to determine nitrate reduction, hydrolysis of gelatin and esculin, glucose fermentation, arginine dihydrolase activity, production of indole, p-galactosidase activity, and urease activity. Transmission electron microscopy studies were performed with strains TVV75T, TVV69, TVV70, and W 7 1 to observe flagella by the methods described by Berge et al.
(7).
Carbon substrate assimilation tests. API galleries (API 50CH, API 50A0, and API 5 0 M , bioMCrieux) were used to determine the assimilation of 147 organic compounds as sole carbon sources. The experimental procedure which we used has been described previously (33). Nine strains were tested in duplicate on separate occasions to verify the reproducibility of the method.
Numerical analysis of phenotypic characteristics. The results of awanographic tests were scored as described previously (33) . A total of 147 characteristics were examined, and the results of tests for growth on inulin, L-sorbose, methyl-xyloside, esculin, isophthalate, gluconate, fumarate, L-malate, L-aspartate, and L-glutamate were not included in the numerical analysis because they were negative for all strains. The levels of interstrain similarity (S) were calculated by using a similarity coefficient derived from the Canberra metric coefficient (dCANB) (54) and the following equation: S = 100 X (1 -d, , , , ) .
A cluster analysis was performed by using the unweighted average pair group method (54), the Clustan version 2.1 program of Wishart (69) , and the Siemens model 7570-C computer of the Akademisch Rekencentrum, Universiteit Gent, Ghent, Belgium.
Nitrogenase assay. The ability of each strain to fix N, was estimated by using the acetylene reduction assay and an agar slant under an air atmosphere. Pure cultures of strains were streaked onto solid WAT4C medium slants (7) containing four carbon sources (0.50% [wt/vol] starch, 0.50% [wt/vol] glucose, 0.50% [wt/vol] mannitol, 0.35% [wt/vol] malic acid). Uninoculated tubes were used as negative controls. The tubes were immediately closed with rubber stoppers (Suba-Seal), and acetylene (1%, vol/vol) was injected. Ethylene production was measured after 4 days of incubation at 28°C with a flame ionization gas chromatograph (Varian series 1400 aerograph).
Isolation of high-molecular-weight DNA. For DNA-rRNA hybridization experiments we used high-molecular-weight DNA prepared by the method of Marmur (39) . Cells were grown for 2 to 3 days in Roux flasks on a solid medium as described above.
For DNA-DNA hybridization experiments high-molecular-weight DNA was extracted and purified by using the procedure of Brenner et al. (10) .
DNA base composition. Mean G+C contents were determined by using the thermal denaturation method (20) and were calculated by using the equation of Marmur and Doty (40) , as modified by De Ley (17) .
DNA-rRNA hybridization. DNA was purified by CsCl gradient centrifugation and was fixed on cellulose nitrate filters (type SM 11358; Sartorius, Gottingen, Germany) as described previously (19) . The amount of filter-fixed DNA was determined chemically (66) . 3H-labeled rRNAs from B. cepuciu LMG 1222T and [A] eutrophus LMG 1199T were prepared and purified by using the method described by De Ley and De Smedt (19) . Cells were labeled in vivo by adding 0.8 mCi of [2,8-3H]adenine and 2.8 mCi of [5,6-3HJuracil (New England Nuclear Research Products, Boston, Mass.) in 150 ml of medium containing 1% (wt/vol) glucose, 1% (wt/vol) yeast extract, 0.1% (NH&SO4, and 0.025% (wt/vol) KH,P04 (pH 7). The specific activities of the 23s rRNA fractions were 7,000 cpm for B. cepacia LMG 1222T and 6,000 cpm far [A] eutrophus LMG 1199T. Labeled rRNA from [B.] solanacearum NCPPB 325T was available from members of our research group (22) . Each hybrid was characterized by its Trntel. AT,,,, is the difference between Trn(e,s of the homologous and the heterologous duplexes.
DNA-DNA hybridization and thermal stability of duplexes. Native DNA was labeled in vitro by nick translation with tritium-labeled nucleotides (Amersham International, Amersham, England). The procedure used for the hybridization experiments (S1 nuclease-trichloroacetic acid method) has been described previously (28 I1  I1  I1  I1  I1  I1  I1  I1  I1  I1  I1   I1  I1  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  sepC  I11  I11  I11  I11  I11  I11  I11  I11  I11  I11  I11  I11  I11  I11  I11 Continued on following page IV  IV  IV  IV  IV  V  V  V  VI  VI  VII  VII  VII  VIII  VIII  VIII  VIII  VIII  VIII  VIII  VIII  VIII  VIII  VIII  VIII  VIII  VIII  VIII  VIII  VIII  VIII  VIII  VIII  VIII  VIII  seP  IX  IX  IX  IX  IX  IX  IX  IX  IX  IX  IX The thermal stability of reassociated DNAs was estimated by determining the denaturation temperature (T,) (the temperature at which 50% of the doublestranded DNA was denatured and lysed by S1 nuclease). The T, was determined by using the method of Crosa et al. (16) . The divergence between D N A was estimated by determining the ATm value (the difference between the Tm of the heteroduplex [in the heterologous reaction] and the Tm of the homoduplex [in the homologous reaction]).
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RESULTS
Phenotypic characteristics of the T W strains. The number of natural nitrogen-fixing bacteria associated with the rhizosphere of rice plants grown in an acid sulfate soil in Binh Thanh, Vietnam, was 2.8 X 10' cells per g (dry weight) of rhizosphere soil. Among these nitrogen-fixing bacteria, the 12 TVV strains were dominant. These strains were motile at 28"C, and polar flagella were observed when transmission electron microscopy was used. They grew well at 28"C, and maximum growth was observed at 41°C. Colonies on nutrient agar were smooth, translucent, and convex with entire margins, and colonies were not pigmented either on nutrient agar or on King B medium. Colonies on PCAT medium were white and smaller than B. cepaciu LMG 1222T colonies. Nitrate was reduced to nitrite, P-galactosidase and oxidase were produced, and gelatin was hydrolyzed, but esculin was not hydrolyzed. Glucose fermentation, production of indole, arginine dihydrolase activity, and urease activity were negative. The TVV strains were not pathogenic for onions.
The TVV strains produced three types of ornibactins (41), which are new types of siderophores (60), but did not produce pyochelin or cepabactin, two compounds which are typically produced by B. cepucia strains. +, more than 90% of the strains gave a positive reaction; -, fewer than 10% of the strains gave a positive reaction, d+, between 10 and 90% of the strains gave
Characteristics that differentiate members of the genus Burkholderia.
a positive reaction and the type strain was positive; d-, between 10 and 90% of the strains gave a positive reaction and the type strain was negative.
Numerical analysis of auxanographic results.
The auxanographic characteristics of the members of the solanacearum rRNA complex are presented in Table 2 . Figure 1 shows a dendrogram which was obtained by using unweighted average pair group clustering of S values. All strains clustered above an S value of 64%. The reproducibility of the tests was good; the average S values for 10 strains tested in duplicate (Fig. 1) were between 90 and 95%. Eleven phena (phena I to XI) containing two or more strains were delineated; two strains (B. cepacia LMG 6995 and [B.] solanacearum LMG 2295) did not belong to any of these phena. Of the 11 phena which we identified, 10 contain only members of previously described species. Phena I, 111, IV, V, VI, VII, IX, and XI contain only B. B. cepacia contains plant-pathogenic organisms, saprophytic bacteria, and some clinical isolates. Despite the internal heterogeneity of this species, all B. cepacia strains except the two phenon I1 strains and strain LMG 6995 are phenotypically identical. One of our isolates, strain PHP7, which was isolated from a maize rhizosphere, also belongs to this cluster (phenon I). The description of B. cepacia deduced from the auxanographic phenon I data corresponds well to the description given by Palleroni and Holmes (45) . Our auxanographic results for phenon I differ in at least 17 carbon sources from the results that Yabuuchi et al. (73) obtained for the type strain of B. cepacia but correspond better to the results of Palleroni (43) and to the results that Urakami The two aberrant B. cepacia strains belonging to phenon I1 were of clinical origin; these strains constitute a phenon together with the N,-fixing isolates from Vietnam. Within this phenon the TVV strains are more similar to each other than they are to the two aberrant B. cepacia strains.
The phenon I11 B. gladioli strains, including the type strain, form a very homogeneous group (mean S value, 91.0%) and correspond phenotypically to the species B. gladioli as described by Ballard et al. (4), although there is an important difference in two characteristics, growth on sucrose (substrate 122) and growth on trigonelline (substrate 132); these two characteristics were found to be negative in this study and also were found to be negative for the reference strain by Yabuuchi et al. (73) and for the type strain by Urakami et al. (63) . We observed that the type strain grew slightly on D-cellobiose (substrate 1 lS), while Yabuuchi et al. (73) Our results confirmed the description of [B.] solanacearum (phenon IX), a taxon that has been studied intensively previously (11, 29, 44) . However, we observed large variations in growth for the following substrates: acetate (substrate 7), benzoate (substrate 117), isobutyrate (substrate 34), suberate (substrate 78), 2-ketoglutarate (substrate 74), D-a-alanine (substrate 8), L-leucine (substrate 42), and L-tryptophan (substrate 43). Also, the subdivision of this species into four biovars (29) was confirmed, and our results represent a completion of Hayward's study (29) . Our results differ from the results that Urakami et al. (63) We found that four strains of "P. oxalaticus" (34) and seven strains of [A.] eutrophus are members of phenon X, which confirmed the auxanographic results of Jenni et al. (32) . Within this phenon the co-type strain of "P. oxalaticus" differs most from the three other "P. Table 2 .
Nitrogenase activity. All of the B. vietnamiensis TVV strains isolated from the rhizosphere of rice plants were positive for nitrogenase activity (Table 3) . Only two of the Burkholderia reference strains tested in this study (LMG 6998 and LMG 6999) exhibited nitrogenase activity. These strains, together with the TVV strains, constitute phenon I1 (Fig. 1) and produce ornibactin siderophores (41).
DNA-rRNA hybridization. Previous hybridization results allowed us to define the solanacearum rRNA complex (22, 23) and to show that [A] eutrophus is the only group belonging to this complex that does not belong to one of the sections of the genus Pseudomonas as defined by Palleroni (43 rum LMG 2299T rRNA demonstrated that these rice isolates also belong to the solanacearum rRNA complex. To determine the genotypic relationships among the members of this rRNA complex, we concentrated on the phena that were most closely related to B. cepacia. We prepared a 23s rRNA probe from B. cepacia LMG 1222T and hybridized it with D N A from representative strains of the different phena. The results of the DNA-rRNA hybridization experiments are shown in Table 4 ranged from 5 to 13%. The T,,, values for homoduplexes (in 0.42 M NaCI) ranged from 95 to 97.5"C. The levels of relative DNA homology at 70°C are shown in Table 5 .
The two reference B. cepacia strains, LMG 1222= and LMG 6964, which belong to different subclusters of phenon I, gave comparable results with all of the strains studied. Of the nine collection strains previously identified as B. cepacia, seven strains belonging to phenon I exhibited high levels of homology (up to 65%) with B. cepacia LMG 6964 and thus belong to this species. The two remaining strains (LMG 6998 and LMG 6999) and the 12 strains isolated from the rice rhizosphere constitute another DNA homology group. Within this group, which corresponds to phenon I1 (Fig. l) , the strains exhibited levels of homology of more than 85%, and they exhibited levels of homology of less than 50% and AT, values ranging from 5 to 6°C with B. cepacia strains (members of phenon I). The members of both of these DNA homology groups exhibited 5 to 26% DNA relatedness with members of the other clusters belonging to this RNA complex and less than 5% DNA relatedness with other pseudomonad reference strains.
DISCUSSION
On the basis of the results of our DNA-rRNA hybridization experiments we concluded that the rRNA complex which we studied contains at least three separate rRNA branches (Fig.  2) genetic relationships among the members of the solanacearum rRNA complex (38, 73 (64) . Because the recently proposed species B. vandii (63) has the same physiological and chemotaxonomic characteristics, it is also considered a member of this genus.
In summary, we conclude that (i) the members of phena I to VI and phenon VIII, [P.] cocovenenans, B. vandii, B. mallei, and B. pseudomallei constitute a separate genus, for which the name Burkholderia has to be retained because this taxon contains the type species, B. cepacia, and (ii) members of the other phenotypic groups and/or other rRNA lineages have to be removed from this genus. These organisms are [B.] solanacearum, [B.]pickettii, and [A,] eutrophus. As no data on the rRNA of [P.] phenazinium are available, we cannot decide whether this species also belongs in the emended genus Burkholderia. Within the genus Burkholderia as defined here, the intrageneric relationships were determined by performing DNA-DNA hybridization studies. No significant levels of DNA-DNA binding were observed between members of the clusters belonging to the B. cepacia rRNA branch (Fig. 2) except between members of phenon I (B. cepacia) and members of phenon I1 (the N,-fixing organisms from Vietnam and two B. cepacia strains of clinical origin) (Tables 1 and 2 ). In addition, the AT,(,, values revealed that the members of the phenotypic clusters designated phena I and I1 were closely related. However, the levels of DNA relatedness (less than 50% homology as determined by the S1 nuclease-trichloroacetic acid method) were not high enough to place these organisms in one species. Within phenon II high levels of DNA-DNA hybridization were found, leading to the conclusion that strains belonging to phenon I1 constitute a new species. We propose that this new species should be named Burkholderia vietnamiensis because the majority of the strains were isolated in Vietnam. On the basis of other DNA-DNA hybridization results (Table 5 ) and the DNA-rRNA hybridization results ( (Wolf 1920) ; Pseudomonas Woodsii (Smith 1911 ) Stevens 1925 . In addition to the description given by Palleroni (43) , B. andropogonis strains do not grow on L-threonine, L-histidine, and L-tyrosine. More auxanographic characteristics are shown in Table 2 . Can be differentiated from other Burkholderia species by its 16s rRNA sequence (38) . Pathogenic for sorghum, corn, clover, carnation, and velvet bean. The G+C content varies from 59 to 61.3 mol%. The type strain is LMG 2199 (= NCPPB 934). The description of the type strain is the same as that of the species. The G + C content of the type strain is 59 mol%.
